Free energy of the bare hinge
The free energy landscape G bh (θ) of the bare hinge was obtained via the umbrella sampling approach. This involved performing a set of "biased" MD simulations of the bare hinge (Fig. 2B) , each imposing a distinct external harmonic potential V k = 1 2 k θ (θ −θ k ) 2 of stiffness k θ centered about angle θ k to enhance sampling of hinge conformations about θ k , where k is the simulation index. The distribution of hinge angles obtained from such simulations, with θ k 's spanning the open to closed hinge conformations, were analyzed using the weighted histogram analysis method (WHAM) 2, 3 to yield the free energy landscape. The hinge angle θ was calculated as the angle subtended by two axes fitted through the two hinge arms, and hence, θ is a function of the position coordinates of all phosphate and nucleoside groups making up the two arms. This makes the implementation of the angular restraint on the hinge quite tedious, as it involves calculating its gradient with respect to each of those coordinates. To circumvent this issue, we used biased potentials formulated in terms of the Euclidean distance d between the centroids of the two arms (instead of angle), which are easier to implement, and then used the relationship between d and θ to convert the resulting G bh (d) landscape to G bh (θ) (see Fig. S3 ).
Free energy of the overhangs
The free energy landscape G ov (θ) involves contribution from all overhangs. This term includes inter-overhang interactions both across and along the hinge arms as well as overhang interactions with the hinge arms. We made two assumptions to greatly simplify the calculation of this free energy contribution. The first is that the primary effect of the hinge arms on the overhangs is "confinement", that is, the restriction of the configurational degrees of freedom of the overhangs through the steric bulk (excluded volume) of the arms. This assumption is reasonable because the DNA strands making up the hinge arms are all fully engaged in forming DNA helices, and thus do not offer any opportunity for base-pairing or base-stacking with the overhangs. The electrostatic interactions between the overhangs and the arms are also greatly screened out due to high salt concentrations. The remaining effect of the two arms-the steric interactions-can then be simply modeled by "repulsion" planes, representing the inner surface of the arms. The repulsion planes impose a strong and salt-independent harmonic repulsion to the phosphate and nucleoside groups of the overhangs whenever they cross the plane, effectively restricting the overhangs to within the planes. The second assumption is that the overhangs interact only with their complementary counterparts on the opposite arm, which is also reasonable considering that the separation distance between the overhangs within each arm, even the nearest neighbors, is longer than the stretched length of the overhangs. This allowed G oh to be further divided into independent contributions G oh,i from each of the n pairs of overhangs attached at different locations on the arms, whereby G oh (θ) = n i=1 G oh,i (θ). The free energy landscape G oh,i (θ) for each overhang pair was also obtained via umbrella sampling. The bare hinge was substituted by two repulsion planes to mimic the steric constraint imposed by the hinge arms (Fig. 2C) . Without loss of generality, one of the repulsion planes was held fixed along the x-z axes, while the other plane was allowed to rotate freely about the hinge vertex represented by the y-axis. The phosphate group of the overhang covalently linked to the stationary hinge arm was held fixed at position (x, y, z) = (l, 0, 0), where l denotes the distance of the overhang attachment point from the vertex. The phosphate group of the overhang linked to the rotating hinge arm was subjected to two external potentials: a stiff spring that confined its motion along the arc (l cos θ, l sin θ, 0), where θ is the hinge angle, and an external harmonic potential
2 similar to that used in bare-hinge simulations, which biased the angle between the overhangs towards θ k . Note that the repulsion plane rotates in sync with this phosphate group, so, by construct, the two repulsion planes also subtend the angle θ. Unlike the bare-hinge simulations, the hinge angle θ here is only a function of the position of this rotatable phosphate group, and hence, the bias potential V k can be directly implemented in terms of θ. This system however presents a new challenge, namely, the large free energy differences between the various hybridization states of the overhangs, that is, with varying number of base pairs ξ formed between the two strands, which causes severe sampling issues. Hence, we used the more efficient VMMC simulations for sampling the overhang conformations, with a bias in the transition probability between hybridization states to further enhance their sampling. A modified WHAM was used to analyze the distributions in hinge angles and hybridization states obtained from simulations performed using different values of θ k to obtain the 2D free energy landscape G oh,i (θ, ξ) for each overhang pair. Summing up free energies from the different hybridization states,
, then yields the free energy landscape we seek.
Simulation details
The MD simulations of the bare hinge were performed using the oxDNA package at a temperature of 300 K and a monovalent salt concentration [Na + ] of 500 mM. The temperature was held constant via an Anderson-like thermostat. As in previous studies, 1 we used the averagebase parametrization option in oxDNA and a simulation time step of 15.15 fs. The umbrella simulation "windows" were spaced at equal intervals of ∼1
• ; each window was simulated for 20 million time steps, and the stiffness of the harmonic restraint implemented between the centers of masses of the the hinge arms in each window was set to 0.16 kcal/mol/Å 2 . Due to the coarse-grained nature of the oxDNA model, 1 each time step represents roughly 5 ps of real time, and therefore each simulation effectively sampled ∼100 µs of real time. Given that this time scale is even longer than the characteristic rotational relaxation time of the free hinge arms (Fig. S4) , we expect each window to be well sampled.
The VMMC simulations of the overhang pairs were also performed using the oxDNA package at 300 K and at three different monovalent salt concentrations: 0.2 M, 0.4 M, and 1.2 M. The umbrella-sampling windows here were also spaced at 1
• intervals and each window was simulated for 1 billion VMMC steps. This sampling time was more than adequate to generate smooth angle distributions about the angular restraint that exhibited strong overlap between adjacent windows (see Figs. S5 and S6) . As explained earlier, the free energy of the overhang strands was sampled as a function of the total number of base pairs formed between the two strands and the end-to-end distance between them defined as the separation distance between the center of mass of the 5' and 3' terminal nucleotides (those attached to the repulsion planes) of the two strands. Two bases were considered to be paired when the hydrogen-bonding interaction between them exceeded 0.596 kcal/mol, the characteristic thermal energy at 300 K. The steric confinement of the overhangs by the repulsion planes, the attachmemnt of the terminal nucleotides to the repulsion plane, and the umbrella potential on the angle between the repulsion planes were all implemented as customized harmonic restraints in oxDNA with stiffnesses of 160 kcal/mol/Å 2 , 0.8 kcal/mol/Å 2 , and 6 kcal/mol/rad 2 , respectively.
Modified WHAM
Each umbrella-sampling VMMC simulation k of an overhang pair yielded a "biased" 2D distribution ρ k (θ, ξ) in hinge angle θ (angle between repulsion planes) and hybridization state ξ (number of base pairs formed between the overhangs). To recover the overhang free energy landscape from a collection of such biased 2D distributions, we used a modified version of the 2D weighted histogram analysis method. While 2D WHAM traditionally involves harmonic biases in both order parameters, our VMMC simulations implemented a harmonic bias in only order parameter, the potential
2 in hinge angle θ. The bias in the other order parameter, ξ, was given by a conditional function B k (ξ) specifying the bias factor for each hybridization state:
For a given simulation k, the biased probability distribution ρ k (θ, ξ) in hinge angle and hybridization state should be proportional to
, where U 0 (θ, ξ) is the intrinsic (unbiased) free energy landscape. Hence, the absolute value of the probability distribution can be written as
By defining
The e (V k (θ)−F k )/k B T /B k (ξ) term represents the bias correction factor. Note that from the definition of B k (ξ) (Eq. 2), a simulation run that goes through all the hybridization states (ξ) is considered as one biased simulation, therefore the bias correction factor should be the same for hinge angle distributions with the same bias potential V k (θ) regardless of the hybridization status.
Having established this new form of the bias correction factor, the remaining procedure for determining the free energy profile is similar to canonical WHAM. 2, 3 This involves solving for the true probability distribution in hinge angle and hybridization state via an iterative procedure involving the following two calculations:
where ρ θ j ,ξ and ρ
k,θ j ,ξ are the true and biased probability distributions discretized into histogram bins j centered about angles θ j and M k is the total number of angles and hybridization states used for building histograms in each simulation k. To obtain the true probability distribution, bias correction factor is updated with the estimated probability distribution. Thus obtained true probability distribution then yields the free energy landscape via G oh,i (θ j , ξ) = −k B T ln ρ θ j ,ξ . Figure S1 : CaDNAno design of the actuatable hinge with the single-stranded scaffold (that also connects the two hinge arms) and staple strands shown in blue and red, respectively. 
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